Translation in mitochondria utilizes a large complement of ribosomal proteins. Many mitochondrial ribosomal components are clearly homologous to eubacterial ribosomal proteins, but others appear unique to the mitochondrial system. A handful of mitochondrial ribosomal proteins appear to be eubacterial in origin but to have evolved additional functional domains. MrpL36p is an essential mitochondrial ribosomal large-subunit component in Saccharomyces cerevisiae. Increased dosage of MRPL36 also has been shown to suppress certain types of translation defects encoded within the mitochondrial COX2 mRNA. A central domain of MrpL36p that is similar to eubacterial ribosomal large-subunit protein L31 is sufficient for general mitochondrial translation but not suppression, and proteins bearing this domain sediment with the ribosomal large subunit in sucrose gradients. In contrast, proteins lacking the L31 domain, but retaining a novel N-terminal sequence and a C-terminal sequence with weak similarity to the Escherichia coli signal recognition particle component Ffh, are sufficient for dosage suppression and do not sediment with the large subunit of the ribosome. Interestingly, the activity of MrpL36p as a dosage suppressor exhibits gene and allele specificity. We propose that MrpL36p represents a highly diverged L31 homolog with derived domains functioning in mRNA selection in yeast mitochondria.
M
ITOCHONDRIA contain a genome that is exthe 5Ј-untranslated leaders (5Ј-UTLs) of both the COX2 and the COX3 mRNAs (Green-Willms et al. 1998 ). pressed using mitochondria-specific transcrip-
We recently found that elevated dosage of the nuclear tion and translation systems. In the budding yeast Sacgene encoding the mitochondrial ribosomal large-subcharomyces cerevisiae, the mitochondrial genome encodes unit protein MrpL36p (MRPL36) could suppress transtRNAs, rRNAs, and eight major polypeptides-seven lation defects caused by specific mutations within the integral membrane proteins of the oxidative phosphorymitochondrially coded COX2 mRNA (Bonnefoy et al. lation system and one protein of the mitochondrial 2001) , encoding subunit II (Cox2p) of the cytochrome ribosomal small subunit (Dujon 1981; Grivell 1987) . c oxidase complex. Cox2p is synthesized as a precursor All the remaining mitochondrial ribosomal proteins protein with a 15-residue N-terminal leader peptide are encoded in the nuclear genome. Some of these are (Sevarino and Poyton 1980; Pratje et al. 1983) . The clear homologs of their bacterial ancestors, but many COX2 leader peptide coding sequence encodes a posishow no sequence similarity to ribosomal proteins in tive-acting sequence element that is necessary to antagoother systems (Graack and Wittmann-Liebold 1998;  nize several inhibitory sequence elements within the Saveanu et al. 2001; Gan et al. 2002) . Interestingly, sevdownstream COX2 coding sequence (Bonnefoy et al. eral yeast mitochondrial ribosomal proteins are com-2001; Williams and Fox 2003) . Small deletions within posed of domains that are homologous to bacterial ribothe leader peptide coding sequence reduce translation somal proteins fused to domains that are not (Fearon dramatically, but this defect can be partially suppressed and Mason 1988; Graack and Wittmann-Liebold by overexpression of MRPL36 or the COX2-specific 1998). In addition to their roles in maintaining ribotranslational activator PET111 (Bonnefoy et al. 2001) . some structure and promoting the core reactions of MRPL36 encodes a mitochondrial ribosomal largeprotein synthesis, ribosomal proteins can play more disubunit protein (Grohmann et al. 1991; Kitakawa et al. rect roles in recognizing mitochondrial mRNAs. For 1997) that is essential for mitochondrial DNA (mtDNA) example, at least two proteins of the ribosomal small maintenance and, presumably, mitochondrial translasubunit in yeast mitochondria interact genetically with tion (Bonnefoy et al. 2001) . MrpL36p exhibits similarity to two translation-associated factors from other systems. First, an internal domain of the protein is similar and (Harms et al. 2001; Vila-Sanjurjo et al. 2003) , but little (Partaledis and Mason 1988) , 1:50 mouse monoclonal antiis known about the role L31 plays in translation. Second, Cox2p (Pinkham et al. 1994) , and 1:12,000 rabbit polyclonal a partially overlapping, C-terminal region of MrpL36p
anti-glucose-6-phosphate dehydrogenase (G6PDH; SigmaAldrich). Secondary HRP-conjugated antisera [1:5000 (Bioshows some sequence similarity to a portion of E. coli Rad, Richmond, CA) or 1:10,000 (Sigma-Aldrich) goat antiFfh, a component of the signal recognition particle mouse IgG or 1:10,000 goat anti-rabbit IgG (Invitrogen, San (Keenan et al. 2001) .
Diego)] were detected using the ECL or ECL Plus chemilumiIn this study we sought to investigate the functional nescent detection kits (Amersham Pharmacia Biotech).
significance of the L31-and Ffh-like domains of MrpL36p
Mitochondrial preparation and ribosomal sedimentation analyses: Mitochondrial isolation was performed as described in general mitochondrial translation and in suppression of previously (Daum et al. 1982; Glick and Pon 1995) . For ribotranslation defects within the COX2 mRNA. Our results somal sedimentation analyses, ribosomes were extracted from shed light on the puzzling observation that a gene for 2 mg of mitochondria by solubilization in 1 ml of 10 mm an essential ribosomal protein functions as a multicopy Mg acetate/0.1 m NaCl/20 mm HEPES-KOH, pH 7.4/1 mm suppressor.
phenylmethylsulfonyl fluoride (PMSF)/0.5% Triton X-100 and incubation on ice for 30 min. Insoluble debris was pelleted by centrifugation at 34,000 rpm (40,000 ϫ g) at 4Њ for 20 min in a TLA100.3 ultracentrifuge rotor. The supernatant was loaded MATERIALS AND METHODS on a 36-ml continuous 15-30% (w/v) sucrose gradient with 500 Yeast strains, media, and genetic methods: S. cerevisiae strains mm NH 4 Cl/10 mm Tris, pH 7.4/10 mm Mg acetate/7 mm relevant to this study are listed in Table 1 . As indicated, strains ␤-mercaptoethanol/0.5 mm PMSF/two miniprotease inhibiare isogenic or congenic to D273-10B (ATCC no. 25627). Yeast tor tabs without EDTA per 40 ml (Roche Applied Science). were cultured in either complete media (1% yeast extract, 2%
Gradients were centrifuged for 17 hr at 20,000 rpm (72,000 ϫ Bacto-peptone, 50 mg adenine/liter) or synthetic complete g ) at 4Њ in a Beckman SW28 rotor, and 1-ml fractions were media (0.67% yeast nitrogen base supplemented with approcollected. Every other fraction was trichloroacetic acid precipipriate amino acids) containing 2% glucose, 2% galactose, or tated, and 40% of each precipitate was analyzed by SDS-PAGE 3% ethanol/3% glycerol. Standard genetic techniques were and Western blotting. performed as described (Sherman et al. 1974; Fox et al. 1991 Figure 1 .-MrpL36p-MYC cosedimentation with the mitochondrial ribosomal large subunit. Ribosomes were extracted from crude mitochondria from strain EHW346 (expressing MrpL36p-MYC) using Triton X-100 and sedimented through a continuous 15-30% sucrose gradient containing 0.5 m NH 4 Cl and 10 mm MgCl 2 . Gradient fractions were collected, precipitated, and analyzed by Western blotting with anti-Myc antibody. The small-subunit protein Mrp13p and the large-subunit protein Mrp7p were detected using protein-specific monoclonal antibodies (Fearon and Mason 1988; Partaledis and Mason 1988) . Ext, Triton extraction; P, insoluble pellet; SN, Triton-extractable supernatant; Top and Bottom denote the orientation of fractions in the gradient.
sis of the MrpL36p sequence. MrpL36p residue 36 is two geting signal encode proteins with an N-terminal extension of 19 residues. However, the new ATG assignment positions downstream of the L31 consensus N terminus while 118 is 9 residues downstream of the L31 consensus does not alter the predicted mature polypeptides encoded by each allele. C terminus, so that the region between them corresponds to the entire bacterial L31. For alleles that deEach of the alleles was subcloned into a high-copy (2) vector and expressed from the MRPL36 promoter. leted the N terminus of MrpL36p, 25 codons specifying the pre-Cox4p mitochondrial targeting sequence (PinkMost of these proteins bear a C-terminal 3xMYC epitope tag. Most transformants expressing the plasmid-borne ham et al. 1994) were fused to the remaining MRPL36 sequence. Due to a change in the annotation of the alleles contained proteins that were readily detectable in whole-cell extracts using antisera directed against the initiation codon during the course of this study by the Saccharomyces Genome Database (http://www.yeast MYC epitope ( Figure 3A , top Tatusov et al. 1997 Tatusov et al. , 2001 , while a partially overlapping C-terminal domain (residues 87-177) shows weak similarity with residues 218Ϫ327 of E. coli Ffh (right; Bonnefoy et al. 2001) . Solid circles, identical residues; medium-shaded circles, highly similar residues; lightly shaded circles, weakly similar small, polar residues or similar hydrophobic residues. (B) Separation of function alleles of MRPL36 demonstrates that the internal domain of MrpL36p that partially aligns with the L31 consensus sequence is sufficient for mitochondrial translation and mtDNA maintenance (top), while the N and C termini are sufficient for dosage suppression of cox2-22 (bottom). present in these same strains ( Figure 3A , wild-type gesting that protein turnover nevertheless does limit the total amount of protein that can accumulate in the MrpL36p-MYC), demonstrating significant overaccumulation of many of these plasmid-borne alleles relative matrix ( Figure 3A , wild-type MrpL36p-MYC The essential ribosomal function of MrpL36p requires only the domain of the protein similar to the dues due to fusion of the Cox4p residues to the formerly assigned initiation codon, is not processed efficiently to L31 family: We assayed the ability of the plasmid-borne mrpL36 alleles to complement a chromosomal deletion mature size ( Figure 3A ) despite the presence of the preMrpL36p processing site. Also for unknown reasons, (mrpL36⌬::URA3) in strains carrying wild-type mtDNA, to test their ability to function in translation. Both wildmrpL36(⌬36-86) accumulates as two immunoreactive species, the larger of which migrates near the anticitype MRPL36 and the wild-type gene preceded by codons for the pre-Cox4p mitochondrial targeting sepated molecular weight ( Figure 3A) . The smaller protein is likely a degradation product.
quence, cox4(1-25)::MRPL36, fully complemented the deletion at the level of growth on nonfermentable carIt is noteworthy that wild-type MrpL36p and many of the partially deleted proteins overaccumulate under bon sources and mtDNA maintenance ( Figure 3B ). The cox4 (1-25)::mrpL36(⌬2-35), mrpL36(⌬87-177) , and cox4 overexpression conditions, rather than being maintained at a steady-state level consistent with the level of
(1-25)::mrpL36(⌬2-35, ⌬119-177) gene products also were capable of partially complementing the chromochromosomally encoded MrpL36p. This is in contrast to what has been observed for several other yeast somal deletion ( Figures 3B and 4A ). Some colonies expressing mrpL36(⌬87-177) were able to respire effimitochondrial and cytoplasmic ribosomal components (reviewed in Graack and Wittmann-Liebold 1998;  ciently, while others contained intact rho ϩ mtDNA, as judged by their ability to yield respiring diploids when Warner 1989). Interestingly, the steady-state level of chromosomally expressed MrpL36p-MYC decreased when mated to a rhoЊ tester strain, but were not able to respire. This suggests that mrpL36(⌬87-177) in some cells supuntagged wild-type MRPL36 was overexpressed, sug- (1-25)::mrpL36(⌬2-35, ⌬119-177) or an empty vector (dash; YEp351; materials and methods) were streaked to synthetic complete glucose medium lacking leucine (ϪL), printed to ϪL and to nonfermentable synthetic complete medium lacking leucine [ϪL(EG)], and incubated for 1 day at 30Њ. (B) Suppression of cox2-22 by plasmid-borne alleles of MRPL36. Transformants of the cox2-22 mutant EHW419 with the indicated 2 mrpL36/MRPL36 constructs were patched to synthetic complete glucose medium lacking leucine (ϪL) and then printed to ϪL and to complete medium containing ethanol and glycerol (YPAEG) and incubated at 30Њ for 1 and 3 days, respectively. Whole-cell extracts were prepared from transformants of strain NB64 grown to mid-to late-log phase in synthetic complete glucose medium lacking leucine, and 100 g was analyzed for each strain on a 12% SDS-PAGE gel, followed by immunoblotting. (Phenotypes for EHW419 transformants are indistinguishable from those of strain NB64.) The blot was probed for Cox2p and for glucose-6-phosphate dehydrogenase (G6PDH) as a loading control. Allele abbreviations are described in Figure 3. ports sufficient translation to ensure mtDNA mainte-MRPL36 in terms of both respiratory growth and restoration of Cox2p accumulation ( Figure 4B ). Thus, the L31-nance, but not enough to allow respiratory growth. The observed clonal differences among cells expressing like domain is not required for dosage-dependent suppression. mrpL36(⌬87-177) could be due to differences in plasmid copy number.
These variants suggest that the Ffh-like region may play a role in suppression. The first 13 residues of the Taken together, these data suggest that internal residues 36-118 are sufficient for translation, while both Ffh-like region, missing in the product of mrpL36(⌬36-118), are not required for suppression, but both supthe N-and the C-terminal regions are dispensable for ribosomal function ( Figure 2B ). MrpL36p residue 36 pressing forms contain the C-terminal portion of the aligned domain. The C-terminal region of MrpL36p corresponds approximately to the second position downstream of the L31 consensus N terminus, while appears to be necessary for suppressor activity, since the mrpL36(⌬87-177) allele failed to suppress cox2-22 MrpL36p position 118 would be 9 residues beyond the L31 consensus C terminus (Figure 2A ). Thus the double ( Figure 4B ) despite the fact that its product can accumulate in the matrix ( Figure 3A ). However, we cannot rule deletion cox4(1-25)::mrpL36(⌬2-35, ⌬119-177) produces a protein that corresponds to the entire L31. MrpL36p out that this variant fails to suppress because it is less abundant than the other suppressing forms and because residue 86 corresponds approximately to residue 48 of the 67-residue consensus L31 sequence. Thus mrpL36 it induces degradation of the chromosomally expressed wild-type form coexpressed in the cell ( Figure 3A) . We (⌬87-177) would produce a protein lacking most of the C-terminal residues of the globular domain but with the attempted to determine whether the N-terminal region of MrpL36p was necessary for suppression by target-␤-sheet structure of L31 (Harms et al. 2001) 3B and 4B), we are unable to draw conclusions about suppression by the other cox4(1-25) fusions. In any event, alleles for activity as dosage suppressors of the respiratory defect of a cox2-22 strain. We found that two partial it is striking that those deletion alleles that complement a chromosomal deletion for translation in mitochondria deletion alleles, mrpL36(⌬36-86) and mrpL36(⌬36-118), were stronger suppressors of cox2-22 than wild-type containing wild-type mtDNA do not function as dosage suppressors of cox2-22 and vice versa. Thus, there aptectable for an AUG → AUU mutation in the cox2(1-91):: ARG8 m reporter construct, which encodes a translapears to be a clear separation of these two functions of tional fusion of the first 91 residues of pre-Cox2p to MrpL36p ( Figures 2B and 3B) .
the Arg8p reporter protein discussed above, and for an Translationally competent forms of MrpL36p differ AUG → AUA mutation in otherwise wild-type COX2. in ribosomal association from those with suppressor However, this suppression was not nearly as strong as activity: We next investigated whether forms of MrpL36p that caused by overexpression of a gain-of-function alcapable of supporting translation differ from the suppressing forms of MrpL36p in their association with the large ribosomal subunit during sucrose gradient sedimentation. Detergent-solubilized mitochondrial extracts from strains expressing two of the translationally competent polypeptides were fractionated by sedimentation and analyzed by Western blot ( Figure 5 ). MrpL36p (⌬87-177) sedimented entirely with the large ribosomal subunit. Some Cox4p(1-25)-MrpL36p(⌬2-35) was associated with the large subunit, while the remainder was in the upper fractions of the gradient ( Figure 5 ). In contrast, the suppressing forms MrpL36p(⌬36-86) and MrpL36p(⌬36-118) exhibited no detectable ribosomal association; instead, these proteins accumulated entirely in the upper fractions of the gradient ( Figure 5 ). Overexpression of wild-type MrpL36p resulted in both strong ribosomal association and accumulation at the top of the gradient. Therefore, translational activity of the MrpL36p variants clearly correlates with ribosomal association under these sedimentation conditions, while initiation codon mutations (Figure 6 ). Suppression was de-lele of the COX2 mRNA-specific translational activator, integral membrane proteins into the bacterial plasma membrane (Keenan et al. 2001) , a process suggestive PET111-20 (Figure 6 ; Mulero and Fox 1993a; Bonnefoy and Fox 2000) . Interestingly, overexpression of of the insertion of Cox2p into the mitochondrial inner membrane. However, MrpL36p is unlikely to be a com-MRPL36 did not detectably improve translation of an AUG → AUA mutation in the COX3 mRNA (Figure 6) , ponent of an analogous pathway in yeast mitochondria. Sequence similarity is limited to a small region of Ffh suggesting that suppression could be specific for the COX2 mRNA. In addition, MRPL36 overexpression did not decontaining part of its GTPase domain and an adjacent short helix and flexible linker (Keenan et al. 1998) . The tectably suppress mutations in the COX2 5Ј-UTL (data not shown) that are suppressible by overexpression of PET111-highly conserved GTPase motif IV, "DARGG" motif, and closing loop in this region of Ffh (Freymann et al. 1997, 20 (Mulero and Fox 1993a,b; Dunstan et al. 1997) . Other classes of mitochondrially encoded alleles for 1999) are not conserved in MrpL36p, however. Thus, while this region may be necessary for the dosage supwhich no suppression by MRPL36 overexpression was detectable include those with a missense or nonsense pression activity of MrpL36p, its biochemical function remains unclear. Our data nevertheless establish the mutation in COX2 or with a cytochrome c oxidase assembly defect (data not shown). Therefore, dosage suppresexistence of a functional domain of MrpL36p that is distinct from the L31-like domain. sion by MRPL36 appears specific for cox2 alleles with translation defects due to mutation of the initiation Like MrpL36p, several other yeast mitochondrial ribosomal proteins have domains with recognizable homolcodon or of the leader peptide coding sequence.
ogy to eubacterial ribosomal proteins fused to protein sequences whose origins and functions are unclear DISCUSSION (Graack and Wittmann-Liebold 1998) . For example, MrpS28p has an N-terminal domain of unknown origin We have shown here that the yeast mitochondrial ribosomal large-subunit protein MrpL36p has at least fused to a eubacterial S15-like domain (Huff et al. 1993) , which can function in vivo in E. coli (Li et al. 1993) . two functional domains. The domain essential for largesubunit function is centrally located and is homologous Both domains are essential for translation in yeast mitochondria, and these domains can function in trans if to L31, a ribosomal protein strictly conserved in eubacteria (Lecompte et al. 2002) . E. coli L31 is a 70-residue they are expressed as separate polypeptides (Huff et al. 1993) . We attempted to reconstitute either translation protein (Brosius 1978; Eistetter et al. 1999) that is loosely associated with the large subunit (Eistetter et or suppression function by expressing pairs of nonfunctional fragments of MrpL36p in trans but observed no al. 1999) and is not essential for peptidyl transferase activity in vitro (Fanning and Traut 1981; Hampl et al. activity in either assay (our unpublished results). A fascinating but unanswered question is how MrpL36p 1981; Schulze and Nierhaus 1982). X-ray crystallography studies of both E. coli (Vila-Sanjurjo et al. 2003) functions as a dosage suppressor of certain translationdefective cox2 mutations. As expected, suppression apand homologous eubacterial D. radiodurans (Harms et al. 2001) ribosomes localized L31 near the subunit interpears to be due to increased translation of mutant mRNAs. We observed no increase in cox2-22 mRNA levface and the peptidyl transferase site, consistent with early biochemical experiments (Gimautdinova et al. 1981;  els in the presence of increased MrpL36p, while steadystate Cox2p protein levels increased slightly (our unpubHanas and Simpson 1985; Traut et al. 1986; Graifer et al. 1989) .
lished data). Furthermore, increased MrpL36p elevates expression of the ARG8 m reporter fused to the mutant When present at elevated levels, MrpL36p also functions as a suppressor of translation defects due to mutacox2 reading frame (Bonnefoy et al. 2001) . The suppressible cox2 mutations specify mRNAs with short deletions in the leader peptide coding region of the COX2 mRNA (Bonnefoy et al. 2001) . Two variant forms of tions in the pre-Cox2p leader peptide coding region, downstream of the initiation codon, that reduce translaMrpL36p, both lacking the central L31-like domain, also function as dosage-dependent suppressors. Thus, tional efficiency (Bonnefoy et al. 2001; Williams and Fox 2003) . Whether these mutations interfere with initithe N-and/or C-terminal regions of MrpL36p have an activity revealed by the suppression assay that is distinct ation or elongation (or both) is not established, although translational inhibition in the absence of the from that of the L31-like domain. Further, these suppressing variants, if bound at all, are less firmly bound leader peptide coding sequence is caused by distinct sequence elements embedded in downstream coding to ribosomes than those containing the L31-like domain. We were unable to determine whether the N-tersequence (Williams and Fox 2003) . The fact that overexpression of MrpL36p also weakly suppresses cox2 initiminal region, which exhibits no sequence similarity to known proteins, is required for suppression, but our ation codon mutations implicates this ribosomal protein in initiation, while its failure to suppress a cox3 initiation analysis did suggest that the C-terminal region is important for suppression. This C-terminal region (residues codon mutation suggests that this function could be mRNA specific. 119-177) shows weak but detectable sequence similarity to E. coli Ffh (Figure 2) . Ffh facilitates the insertion of COX2 mRNA translation depends upon interaction of its 5Ј-UTL with the rate-limiting mRNA-specific transeukaryotic species are likely to code for mitochondrial and/or chloroplast ribosomal proteins as well. The lational activator Pet111p (Fox 1996; Green-Willms et al. 2001) . Increased activity of Pet111p strongly supproduct of a Neurospora crassa gene (GenBank accession no. CAC28768) has an L31-like domain centrally located presses the leaky cox2 mutations affecting both the leader peptide coding region (Bonnefoy et al. 2001) in a larger protein, much like MrpL36p, although Clustal W alignment (Higgins et al. 1996) of these proand the initiation codon (Mulero and Fox 1994; Bonnefoy and Fox 2000) . units sequenced to date (Koc et al. 2001) , and cryoEM cluding a mitochondrial gene in Reclinomonas americana Fox, T. D., 1996 Genetics of mitochondrial translation, pp. 733-758 (Lang et al. 1997 ) and a chloroplast gene in the alga Thus, nuclear genes encoding L31-like proteins in other
